The exceptional toxicity of arsenate [As(V)] is derived from its close chemical similarity to phosphate (Pi), which allows the metalloid to be easily incorporated into plant cells through the high-affinity Pi transport system. In this study, we identified an As(V)-tolerant mutant of Arabidopsis thaliana named pht1;1-3, which harbors a semidominant allele coding for the highaffinity Pi transporter PHT1;1. pht1;1-3 displays a slow rate of As(V) uptake that ultimately enables the mutant to accumulate double the arsenic found in wild-type plants. Overexpression of the mutant protein in wild-type plants provokes phenotypic effects similar to pht1;1-3 with regard to As(V) uptake and accumulation. In addition, gene expression analysis of wild-type and mutant plants revealed that, in Arabidopsis, As(V) represses the activation of genes specifically involved in Pi uptake, while inducing others transcriptionally regulated by As(V), suggesting that converse signaling pathways are involved in plant responses to As(V) and low Pi availability. Furthermore, the repression effect of As(V) on Pi starvation responses may reflect a regulatory mechanism to protect plants from the extreme toxicity of arsenic.
INTRODUCTION
Arsenic, one of the most toxic metals found in soils, is derived from both natural and anthropogenic sources (Tamaki and Frankenberger, 1992; Fitz and Wenzel, 2002; Nordstrom, 2002; Oremland and Stolz, 2003) . Arsenic can be solubilized in ground water, exposing animals and humans to potentially toxic effects (Nickson et al., 1998; Meharg and Hartley-Whitaker, 2002; Gó mez et al., 2004; Katz and Salem, 2005) .
In soils, the most abundant arsenic species is arsenate [As(V)] (Tamaki and Frankenberger, 1992; Brown et al., 1999) . As(V) toxicity is derived from its close chemical similarity to phosphate (Pi); this mimicry enables As(V) to alter Pi metabolism (Clarkson and Hanson, 1980; Raghothama, 1999; Fitz and Wenzel, 2002) . Indeed, the similarity between these two anions makes plants highly sensitive to As(V) because it is easily incorporated into cells through the high-affinity Pi transport system (Meharg and Macnair, 1990 , 1991b , 1992b . Since this transport system is induced by Pi starvation, As(V) uptake is highly dependent upon the amount of Pi available in the soil (Bieleski, 1973; Raghothama, 1999) . Arabidopsis thaliana mutants exhibiting As(V) tolerance harbor null alleles coding for the high affinity Pi transporters PHT1;1 or PHT1;4 (Shin et al., 2004) , indicating that these transporters play a major role in As(V) uptake. In addition, a mutation in PHOSPHATE TRANSPORTER TRAFFIC FACILITATOR1 (PHF1), which is required for efficient trafficking of Pi transporters to the plasma membrane, also results in a strong tolerance to As(V) (Gonzá lez et al., 2005) . Moreover, tolerance to As(V) in a variety of species, such as Holcus lanatus, is achieved through a reduction in As(V) uptake due to a suppression of the high-affinity Pi uptake system (Meharg and Macnair, 1990 , 1991b , 1992b Meharg and HartleyWhitaker, 2002; Bleeker et al., 2003) . These plants also exhibit enhanced arsenic accumulation (Meharg and Macnair, 1991a) , and genetic analysis revealed that a single dominant locus could be responsible for both phenotypes (Macnair et al., 1992) . Due to the apparent contradiction between reduced As(V) uptake and enhanced arsenic accumulation, it has been speculated that a complex rather than a simple locus was responsible for both traits (Meharg and Macnair, 1992a) .
Once As(V) enters the cell, it is promptly reduced to arsenite [As(III)] (Pickering et al., 2000; Meharg and Hartley-Whitaker, 2002) , which is highly toxic but is rapidly complexed with soluble thiols, in most cases phytochelatins (Clemens et al., 1999; Pickering et al., 2000; Meharg and Hartley-Whitaker, 2002) , and then sequestered into vacuoles (Salt and Rauser, 1995; Lombi et al., 2002) . This strategy has been widely used by plants to cope with arsenic and heavy metals. However, studies performed with the arsenic hyperaccumulator plant Pteris vittata indicate that there must be additional arsenic accumulation mechanisms that have yet to be identified (Zhao et al., 2003; Raab et al., 2004) . Recently, the first screening for As(V)-tolerant mutants in Arabidopsis yielded the identification of the mutant arsenic resistant1 (ars1) (Lee et al., 2003) , but the identity of the ars1 gene is still unknown.
Here, we report the identification and characterization of a new semidominant mutant allele of the high-affinity Pi transporter PHT1;1. This allele, named pht1;1-3, exhibits an enhanced ability to accumulate arsenic while Pi and As(V) uptake rate is reduced, suggesting that this may be the single mechanism operating in naturally selected arsenic-tolerant plants. Additionally, we show that As(V) suppresses the Pi starvation response while activating other genes potentially involved in As(V) detoxification/tolerance, suggesting that an As(V) Pi interacting pathway operates in plants to reduce arsenic uptake.
RESULTS

Screening for As(V)-Tolerant Mutants
To identify As(V)-tolerant mutants, we first studied the phenotypic changes of wild-type Arabidopsis seedlings in response to the metalloid. Since As(V) competes with Pi for the Pi uptake system, we performed a morphological analysis of seedlings directly sown on medium containing 30 mM As(V) supplemented with different Pi concentrations. As expected, As(V) toxicity symptoms increased as Pi concentrations decreased ( Figure 1A ). In the above-ground (aerial) tissues, the most emblematic symptoms observed were growth arrest and anthocyanin accumulation. In roots, growth arrest was also characteristic of As(V) toxicity, and root hair elongation appeared to be completely inhibited ( Figure 1B) . Arabidopsis seedlings grown in the presence of 30 mM As(V) and 30 mM Pi demonstrated intermediate toxicity symptoms, indicating that this concentration range may be suitable for screening As(V)-tolerant mutants. Under these conditions, we screened 100,000 M2 seedlings from a population of ethyl methanesulfonate-mutagenized Columbia lines and ultimately identified nine mutants. One of the selected mutants developed a larger aerial part, with less growth arrest than that observed in wild-type plants when grown in the presence of 30 mM As(V) ( Figure 1A ). In addition, this mutant was able to elongate root hairs when grown on Pi-lacking medium supplemented with 30 mM As(V) ( Figure 1B) . Moreover, after an extended exposure to As(V), the mutant clearly accumulated less anthocyanins in the aerial portion and exhibited longer roots than wild-type plants ( Figure  1C ). We named this mutant pht1;1-3 in accordance with its molecular characterization (described below).
pht1;1-3 Shows Enhanced Arsenic Accumulation
Genetic analysis revealed that the tolerant phenotype displayed by pht1;1-3 is caused by a single mutation and that heterozygous plants showed an intermediate As(V) tolerance phenotype (Figure 1C) . When plants were exposed to As(V) for a shorter time ( Figure 1D ), quantification of root length ( Figure 1E ) and anthocyanin accumulation ( Figure 1F ) confirmed the intermediate tolerant phenotype of the heterozygotes. Therefore, in the conditions used here, the mutation behaved as semidominant. To further characterize the pht1;1-3 tolerance phenotype and to establish its potential for arsenic phytoremediation, we determined the arsenic concentration in mutant and wild-type plants. As shown in Figure 1G , pht1;1-3 plants accumulate at least twice the arsenic than that accumulated by wild-type plants after 12 d of growth on As(V)-containing medium. Based on these phenotypes, pht1;1-3 was chosen for further characterization. To identify the pht1;1-3 mutant locus, we first selected plants that were able to elongate root hairs after 8 d of growth on 30 mM As(V) and Pi-lacking medium from an F2 mapping population obtained from crosses with the ecotype Landsberg erecta (Ler). Due to the semidominant phenotype displayed by pht1;1-3, we selected homozygous F2 plants at the PHT1;1 locus based on the segregation of the As(V) tolerance phenotype in their respective F3 offspring. Using 62 of those selected F2 plants, we mapped the PHT1;1 locus to chromosome V, close to the marker DFR. There is a cluster of four genes encoding Pi transporters linked to this marker, which represent potential candidate genes. Direct sequencing of the PHT1;1 locus revealed that this gene is mutated in pht1;1-3 . This mutation results from a single nucleotide exchange, which encodes a nonconservative amino acid substitution (Gly-378 to Glu) at the predicted ninth transmembrane domain of the transporter. Therefore, pht1;1-3 is a new semidominant allele for the Pi transporter PHT1;1 (Shin et al., 2004) .
To evaluate the effect of the pht1;1-3 allele on the Pi starvation response, we first took advantage of the fact that the mutagenized collection from where pht1;1-3 was isolated harbors the Pi starvation responsive reporter gene IPS1:b-glucuronidase (GUS) (Martín et al., 2000; Rubio et al., 2001) . Hence, the Pi starvation response can be easily monitored in these plants through histochemical GUS staining. As shown in Figure 2A , either wild-type or pht1;1-3 plants exhibit GUS staining when grown on Pi lacking (ÀP) medium. However, in contrast with what was observed for wild-type plants, GUS staining was also present in pht1;1-3 plants grown on medium containing 1 mM Pi (þP). This result was confirmed by RNA gel blot analysis of the IPS1 expression in plants grown under high Pi ( Figure 2B ). In this experiment, we also evaluated the expression of the Pi transporter gene PHT1;1, which is responsive to Pi starvation. As shown in Figure 2B , transcript accumulation for any of these genes was higher in the ph1;1-3 mutant than in wild-type plants when grown both in complete (1 mM) and intermediate (0.1 mM) concentrations of Pi. In line with this, quantification of soluble Pi on either Pi condition revealed that pht1;1-3 accumulates less than half the Pi accumulated by wildtype plants ( Figure 2C ). Therefore, pht1;1-3 exhibited a reduction in Pi content while arsenic accumulation was enhanced.
Overexpression of pht1;1-3 Results in Decreased Pi Content and Enhanced Arsenic Accumulation
To confirm whether the pht1;1-3 allele is responsible for the observed semidominant mutant phenotypes, we obtained transgenic Arabidopsis lines in which either pht1;1-3 or PHT1;1 alleles were expressed in wild-type plants under the control of the constitutive 35S promoter ( Figure 3A) . No obvious phenotypic differences were observed between wild-type and any of the expressor lines in medium without As(V). However, in the presence of As(V), wild-type plants expressing pht1;1-3 displayed an As(V)-tolerant phenotype, while expression of the wild-type allele conferred hypersensitivity to the metalloid ( Figure 3A ). Quantification of root length and anthocyanin accumulation in these plants confirmed that the As(V) tolerance phenotypes were enhanced in the pht1;1-3 expressor line, while plants expressing the wild-type allele exhibited hypersensitivity to As(V) (Figures 3B and 3C) . Analysis of soluble Pi and arsenic content in these lines showed that the expression of the mutant protein results in Pi content reduction and increased arsenic accumulation ( Figures  3D and 3E , respectively). Pi and As(V) uptake experiments revealed that both Pi and As(V) influx were reduced in the mutant and in the pht1;1-3 expressor line, indicating that differential Pi versus As(V) uptake rates were not the cause of the opposite behavior in Pi and As(V) accumulation displayed by the mutant ( Figure 3F ). Moreover, competition Pi uptake experiments performed in wild-type and mutant plants showed that Pi uptake rate decreases in a similar proportion both in wild-type and mutant plants when exposed to increasing As(V) concentrations ( Figure  3G ). Therefore, differential affinity in Pi and As(V) transport was not the cause for the tolerance phenotypes observed in pht1;1-3.
These results also indicated that the expression of the mutated protein in wild-type plants accurately mimics the mutant phenotype with regard to As(V) tolerance and both Pi and As(V) accumulation.
Mimicry of the pht1;1-3 Mutation in the Yeast Pho84p Transporter
The Gly residue mutated in the semidominant mutation pht1;1-3 is highly conserved not only in all the high-affinity Pi transporters from Arabidopsis, but also in other plants and from yeast. Based on this information, we decided to evaluate whether the expression of the native yeast Pi transporter carrying an equivalent mutation to that of pht1;1-3 might result in similar phenotypes to the ones observed in plants. In yeast, the Pi starvation response is easily monitored through staining for acid phosphatase activity, which drives the production of a dark-red precipitate and is highly induced when grown on low Pi medium. In this experiment, we used as the wild type the Saccharomyces cerevisae strain PAM1 (Martinez and Persson, 1998) , which harbors a native copy of the high-affinity Pi transporter gene PHO84, a PHT1;1 yeast homolog. This strain was transformed with PHO84 pht1;1-3 , a mutagenized version of the PHO84 cDNA, encoding a Gly-to-Glu mutation identical to the one present in the pht1;1-3 allele. In the presence of 550 mM Pi, cells expressing PHO84 pht1;1-3 exhibited more phosphatase activity than cells transformed with either PHO84 cDNA or the empty vector PAM1 ( Figure 4A , top panel). Furthermore, Pi and As(V) uptake experiments showed that the rate of Pi and As(V) transport in cells expressing PHO84 pht1;1-3 was significantly lower than in the original PAM1 ( Figure 4B ). No significant differences in Pi and As(V) uptake rates were observed between PAM1 and the cells expressing the wild-type PHO84. Expression of PHO84 pht1;1-3 also conferred a slight increase in the tolerance to As(V) ( Figure 4A , bottom panel). This increase is not as noteworthy as the one seen in pht1;1-3 overexpressors, (C) to (G) As(V) tolerance phenotype ([C] and [D] ), root length (n $ 12; P < 0.01) (E), anthocyanin accumulation (n > 3; P < 0.01) (F), and total arsenic accumulation (n $ 3; P < 0.01) (G) of plants grown for 7 d on 30 mM Pi. Plants in (D) to (F) were grown for an additional 4 d on the same medium supplemented with 50 mM As(V) (þAsV) or without As(V) (ÀAsV). Plants in (C) and (G) were grown for an additional 12 d on the same medium supplemented with 50 mM As(V). Wild-type (white bars), pht1;1-3 (black bars), and heterozygous PHT1;1/pht1;1-3 (gray bars). Error bars represent SD. Bars in (C) and (D) ¼ 0.5 cm. (A) Histochemical GUS analysis of IPS1:GUS expression in wild-type and pht1;1-3 seedlings grown on Pi-lacking medium (ÀP) and on medium supplemented with 1 mM Pi (þP).
(B) and (C) RNA gel blot analysis of PHT1;1 and IPS1 (B) and soluble Pi content (n $ 3; P < 0.01) (C) in wild-type (white bars) and pht1;1-3 (black bars) seedlings grown in the presence of 1 mM or 0.1 mM Pi. Error bars represent SD. probably due to the fact that wild-type S. cerevisiae itself exhibits a high degree of intrinsic tolerance to As(V). Therefore, we can conclude that the introduction of an equivalent pht1;1-3 Gly-toGlu substitution in Pho84p provokes, in yeast, effects similar to those seen in Arabidopsis overexpressing pht1;1-3.
As(V) Represses the Pi Starvation Response while Activating Arsenic-Responsive Genes
To further characterize the pht1;1-3 mutant phenotype, and because of the similarity between Pi and As(V), we next investigated the effect of As(V) on the Pi starvation response in pht1;1-3 and in wild-type plants. We performed RNA gel blot analysis of the Pi-responsive genes PHT1;1, SQD1, IPS1, and PHF1 in wildtype and pht1;1-3 plants grown in the presence of As(V). Additionally, we included in this experiment plants treated with Pi, As(III), cadmium (Cd), and nickel (Ni). As expected, all Pi-responsive genes analyzed were induced by Pi starvation ( Figure 5A ). When wild-type plants were then transferred for 8 h to the same medium supplemented with either 30 mM As(V) or Pi, the amount of transcript corresponding to each of the Pi-responsive genes was reduced ( Figure 5B ). As(V) was less efficient than Pi in the As(V) tolerance phenotype (A), root length (n $ 15; P < 0.01) (B), anthocyanin accumulation (n $ 4; P < 0.01) (C), soluble Pi content (n $ 3; P < 0.1) (D), arsenic accumulation (n $ 3; P < 0.01) (E), Pi and As(V) uptake rates (n $ 3; P < 0.1) (F), and Pi uptake rates in competition with increasing As(V) concentrations (n $ 3; P < 0.01) (G). All plants were grown for 7 d on 30 mM Pi; plants in (D), (F), and (G) were analyzed at that point; plants in (A) to (C) were grown for an additional 4 d on the same medium supplemented with 50 mM As(V) (þAsV) or without As(V) (ÀAsV); plants in (E) were grown for an additional 12 d on the same medium supplemented with 50 mM As(V). Wild-type (white bars), pht1;1-3 (black bars), pht1;1-3 overexpressor (35S:pht1;1-3; blue bars), and PHT1;1 overexpressor (35S:PHT1;1; orange bars). Error bars represent SD. Bars in (A) ¼ 0.5 cm.
repression of SQD1, IPS1, and PHF1. By contrast, As(V) was more efficient than Pi in the repression of the Pi transporter PHT1;1. In pht1;1-3 plants, gene responsiveness to Pi starvation was reduced with respect to that in wild-type plants ( Figure 5B ). The reason for this behavior remains to be elucidated, but reduced gene responsiveness to Pi starvation was also observed in other mutants displaying partially constitutive Pi starvation response, such as phf1 and siz1 (Gonzá lez et al., 2005; Miura et al., 2005) . Despite reduced responsiveness of SQD1 and IPS1 in Pistarved mutant plants, a reduced repression of these genes was RNA gel blot analysis (A) and densitometry analysis (B) of the expression of Pi-responsive marker genes PHT1;1, SQD1, IPS1, and PHF1. Plants were grown for 7 d on medium containing 1 mM Pi (þP), transferred to Pideficient medium (ÀP) for 3 d, and finally transferred to ÀP medium supplemented with either 30 mM Pi (30P), 30 mM As(V) (AsV), 30 mM As(III) (AsIII), 50 mM Cd (Cd), or 50 mM Ni (Ni) for 8 h. All intensity levels in (B) are represented as relative to ÀP levels in wild-type plants. White bars, wildtype plants; black bars, pht1;1-3 plants.
observed by Pi and particularly by As(V), for which repression was almost negligible. By contrast, PHT1;1 was completely downregulated by As(V) but not by Pi ( Figure 5B ). Therefore, each gene exhibits a different sensitivity to the repression by As(V) or Pi. We also examined the significance of Pi/As(V) uptake in the As(V) response. In the laboratory we have identified two As(V)-inducible genes named ASI3 and ASI4 that encode a short-chain dehydrogenase/reductase (At4g13180) and glyoxalase II (At4g33540), respectively. Regardless of its putative role in arsenic detoxification, both genes were induced in response to As(V) but not by Cd or Ni (Figure 6A ), suggesting that the induction is not part of a general stress response. Actually, both genes respond to As(V) and As(III) in a dose-dependent manner ( Figure 6B ), although the amount of transcript detected in response to As(V) was higher in wild-type plants than in pht1;1-3 ( Figure 6C ). By contrast, no differences were observed in the response to As(III) of both genes between the wild-type and the mutant backgrounds ( Figure 6C ). These observations indicate that As(V) requires the Pi transport system to induce ASI3 and ASI4, whereas As(III) may use an independent pathway. Therefore, we conclude that As(V) downregulates genes transcriptionally regulated by Pi starvation, being particularly efficient in the repression of the Pi/As(V) uptake system. The repression occurs conversely to the activation of As(V)-responsive genes.
DISCUSSION
In plants, restriction of As(V) uptake is the major strategy used by naturally selected As(V)-hypertolerant ecotypes. Actually, As(V) toxicity is based on the similarity between Pi and As(V), which allows the metalloid to be easily incorporated into plants cells through the high-affinity Pi transport system (Meharg and Macnair, 1990 , 1991b , 1992b Meharg and Hartley-Whitaker, 2002; Bleeker et al., 2003) . Therefore, it is reasonable that plant adaptation to As(V)-contaminated soils has been achieved through alteration of the Pi/As(V) uptake system.
In this study, we identified an arsenic-tolerant mutant in Arabidopsis, named pht1;1-3, which harbors a new allele coding for the high-affinity Pi transporter PHT1;1. Characterization of pht1;1-3 revealed that decreased As(V) uptake contributes to enhanced arsenic content. Our investigations also uncovered the existence of an integrated Pi/As(V) signaling pathway, which modulates As(V) uptake.
The constitutive Pi starvation response displayed by pht1;1-3 is consistent with the observed reduction in Pi content, indicating that pht1;1-3 may be functionally impaired. However, despite As(V) uptake reduction, pht1;1-3 accumulates at least twice the amount of arsenic found in wild-type plants. The semidominant nature of the pht1;1-3 mutation allowed the confirmation of this association between reduced arsenic uptake and increased arsenic accumulation using transgenic plants overexpressing pht1;1-3. Indeed, pht1;1-3 overexpression affected both traits.
These two phenotypes conferred by the pht1;1-3 semidominant mutation help to explain the genetic data on arsenic tolerance of naturally selected variants of H. lanatus involving a single chromosomal region. In fact, it is unnecessary to invoke that complex loci are responsible for both apparently contradictory phenotypes. (A) RNA gel blot analysis of plants grown for 7 d on medium containing 1 mM Pi (þP), transferred to Pi-deficient medium (ÀP) for 3 d, and finally transferred to ÀP medium supplemented with either 30 mM As(V) (AsV), 50 mM Cd (Cd), or 50 mM Ni (Ni) for 8 h.
(B) and (C) Gel blot (B) and densitometry analysis (C) of dose-dependent expression of ASI3 (continuous line) and ASI4 (dashed line) in wild-type (white circles) and pht1;1-3 (black squares) plants. Seedlings were grown for 5 d on medium with 30 mM Pi (0) and then transferred to the same medium supplemented with 15, 30, or 50 mM (increasing slope) As(V) (AsV) or As(III) (AsIII) for 8 h. All intensity levels in (C) are represented as relative to 0 levels for each gene and genotype.
One possible explanation for the apparent paradox represented by the association between decreased As(V) uptake and enhanced arsenic accumulation is that lowering As(V) content in the cytoplasm may allow the arsenic detoxification machinery to cope more efficiently with the metalloid, allowing for greater accumulation of arsenic into the vacuole. As(V) reduction to As(III) is a prerequisite for compartmentalization into the vacuole, and it has been recently shown that enhanced As(V) reductase activity is also a major determinant in As(V) hypertolerance (Bleeker et al., 2006) . Overexpression of the As(V) reductase gene in Arabidopsis confers tolerance to low As(V). Therefore, decreasing As(V) uptake may allow As(V) reductase to process most of the As(V) present in the cytoplasm of pht1;1-3, thus enhancing As(III) sequestration into the vacuole. The fact that the response of ASI3 and ASI4 to As(V) is reduced in pht1;1-3, while As(III) responsiveness appears to be unaffected, provides further evidence that the increased tolerance of pht1;1-3 to the metalloid is due to reduced As(V) uptake in the mutant rather than enhanced arsenic responses.
The semidominant character of the pht1;1-3 mutation also has mechanistic implications. Dominant negative mutations have been reported in a wide variety of transporters (Zhou and Christie, 1997; Brockmann et al., 2001; Elumalai et al., 2002; Hahn et al., 2003; Rungroj et al., 2004) , suggesting that transporters may work as dimers or higher-order oligomers (Monahan et al., 2002; Reinders et al., 2002; Ludewig et al., 2003) . In fact, there is evidence that Pi transporters in Arabidopsis and Medicago truncatula may form functional dimers (Chiou et al., 2001; Shin et al., 2004) . Our finding that a pht1;1-3 equivalent allele of the PHO84 yeast Pi transporter interferes with Pi/As(V) uptake in yeast suggests that oligomer formation in Pi transporters is universal.
The results presented here indicate that As(V) rapidly repressed genes involved in the Pi starvation response and induced the expression of other As(V)-responsive genes. While the repressor function on Pi starvation-responsive genes is specific for As(V), induction of arsenic-responsive genes is also mediated by As(III). This leads us to propose a model whereby arsenic acts through two different signaling pathways. Based on the analogy between Pi and As(V), we propose that As(V) could mislead the Pi sensor, thus triggering the repression of the Pi starvation-responsive genes. In that case, As(V) should act as a nonmetabolizable Pi analog as it was seen for phosphite (Ticconi et al., 2001; Varadarajan et al., 2002; Giots et al., 2003; Pratt et al., 2004) . It is noticeable that repression by As(V) is not equally efficient for all Pi starvation-responsive genes, being most efficient in the repression of the Pi transporter even more than Pi itself, which is incorporated faster than As(V). The outstanding sensitivity of the Pi transporter to As(V) prompts us to speculate that the repression of Pi starvation responses by arsenic is not only an obvious consequence of the chemical similarity between As(V) and Pi but also reflects a natural selection process that capitalizes on this situation to ensure efficient repression of Pi starvation responses, particularly of the Pi transporter. On the other hand, given the fact that once As(V) enters the cell it is rapidly reduced to As(III) (Pickering et al., 2000; Meharg and Hartley-Whitaker, 2002) , which has no chemical similarity to Pi and therefore no chance to confound the Pi sensor, we propose that activation of ASI3 and ASI4 occurs via an As(III) signaling pathway.
In conclusion, we propose that, due to the chemical similarity between As(V) and Pi, plants have evolved an integrated sensing mechanism in which As(V) and Pi signaling pathways act in opposition to preserve plant integrity from arsenic toxicity. Our data open the possibility of further evaluating the As(V) response to identify exclusive, or overlapping, elements in As(V), As(III), and Pi starvation responses that may be relevant to arsenic perception and accumulation.
METHODS Plant Material and Growth Conditions
Arabidopsis thaliana ecotypes used in this study were Columbia (Col-0) and Ler. Seeds were surface-sterilized and plated onto Bates and Lynch medium (Bates and Lynch, 1996) and solidified with 0.6% bacto-agar (Difco), which was supplemented with appropriate amounts of Pi (KH 2 PO 4 ) or As(V) (NaH 2 AsO 4 Á7H 2 O), unless otherwise specified. Growth conditions were the same as described previously (Franco-Zorrilla et al., 2002) . The mutant pht1;1-3 was selected from an ethyl methanesulfonatemutagenized population derived from a Col transgenic line harboring the Pi starvation reporter construct IPS1:GUS (Rubio et al., 2001) . asi (arsenic-induced) lines were identified in the laboratory from an F3 progeny of a transposant line collection generated in the Exon trapping insert consortium (EXOTIC QLG2-CT-1999-000351; http://www.jic.bbsrc.ac. uk/science/cdb/exotic/). Flanking DNA from asi lines was cloned by thermal asymmetric interlaced PCR (Liu et al., 1995) .
Plant Measurements and Histochemical Staining
The method by Ames (1966) was used to quantify soluble Pi, and histochemical GUS stainings were performed as described by Martín et al. (2000) . Roots were analyzed after 7 d (soluble Pi) or 8 d (GUS and root hairs) of culture in the desired Pi concentration. All P values were obtained through a Student's t test.
For measuring root length, anthocyanin accumulation, and As(V) accumulation, plants were cultured for 7 d on 30 mM Pi medium and then transferred to fresh medium supplemented with 50 mM As(V). Samples were collected 4 d (root length and anthocyanin accumulation) or 12 d (arsenic content) later. To measure As content, plants were dried at 608C for 5 d, mineralized with HNO 4 -H 2 O 2 in a pressure digester, and analyzed for total arsenic content through inductively coupled plasma-mass spectrometry (ICP-MS) at the Centro de Espectrometría Ató mica of the Universidad Complutense de Madrid. Anthocyanins were measured according to Swain and Hillis (1959) .
Plant Uptake Experiments
Plates used in preculture for both Pi and As(V) uptake experiments contained half-strength Bates and Lynch medium solidified with 0.4% bacto-agar supplemented with 30 mM Pi and were covered with 0.4-mmpore nylon mesh. This medium permits solid culture, long root production, and easy root cleaning. Plants were sown onto the mesh and cultured for 7 d before being carefully extracted and washed with sterile water. Plants were then treated with PI and PII buffers as by Narang et al. (2000) . Pi uptake experiments were performed in 3-mL wells at 5 mM KH 2 32 PO 4 (ICN) and competing As(V) when suitable. As(V) uptake experiments were performed in 400-mL pots at 5 mM As(V). The duration of each uptake experiment was 1 h. Plants were introduced in either scintillation vials for 32 Pi measurements or in 50-mL tubes for As(V) measurements and dried at 608C for 5 d. 32 Pi was measured in a scintillation counter with 10 mL of scintillation liquid (ICN), and arsenic content was analyzed trough ICP-MS as described above.
Genetic Analysis and Positional Cloning of pht1;1-3 pht1;1-3 plants were backcrossed three times to wild-type plants. Backcrossed seeds were crossed to the Ler ecotype. Positional cloning was performed by selecting F2 seedlings displaying the mutant phenotype and homozygous for the PHT1 locus according to the segregation of the mutant phenotype in their respective F3 offspring. DNA from these F2 selected plants was prepared (Dellaporta et al., 1983 ) and used to analyze the linkage of the pht1;1-3 mutation to previously described genetic markers (Konieczny and Ausubel, 1993; Bell and Ecker, 1994) . To identify the mutant gene, we used the Cereon collection of Col-Ler genetic polymorphisms (http://www.Arabidopsis.org/cereon/index.html).
cDNA Isolation and Overexpression pht1;1-3 and PHT1;1 cDNA were amplified by RT-PCR using total RNA extracted from Pi-starved plants using primers 59-CCTCAACTCTCCA-GAGAAGTTC-39 and 59-ACATCATAACTTAAGGTCAACGAG-39. These cDNAs were cloned into plasmid pBIBA7, a 35S promoter-containing vector derived from pBIB (Becker, 1990) . The second intron of PHT1;1, amplified from genomic DNA using primers 59-CAAGTTGTTCTATGGTC-CAATGTTCG-39 and 59-CTGTTTTCAATCTTCTACGTACGA-39, was inserted in its place in both cDNAs. This construct was necessary to avoid toxicity to Agrobacterium tumefaciens. Plants were transformed as by Bechtold et al. (1993) .
RNA Extraction and Gel Blot Analysis
Total RNA was extracted with RNAwiz (Ambion), and 20 mg were loaded per sample and blotted onto Hybond N þ membranes (Amersham) as indicated by the manufacturer. Hybridizations were performed as by Church and Gilbert (1984) , and membranes were washed with 0.53 SSC before exposing. Probes corresponding to IPS1 (Martín et al., 2000) , SQD1 (Essigmann et al., 1998) , PHF1 (Gonzá lez et al., 2005) , and PHT1;1 (Smith et al., 1997) were obtained as by Franco-Zorrilla et al. (2005) ; probes corresponding to ASI3 and ASI4 were obtained by PCR amplification of the coding region on plant DNA.
Yeast Transformation and Constructs
The PHO84 pht1;1-3 point mutation was introduced in PHO84 cDNA (kindly provided by Georg Leggewie) through directed mutagenesis using primers 59-CAAGATGATGAATTCGGCTAATTGAATTG-39 and 59-TCAA-TTAGCCGAATTCATCATCTTGAC-39 containing the equivalent point mutation found in pht1;1-3 (highlighted in boldface). Both PHO84 pht1;1-3 and PHO84 cDNAs were cloned into the yeast expression vector p181A1NE (Leggewie et al., 1997) . Both constructs were transformed into Saccharomyces cerevisiae PAM1 (kindly provided by Bengt Persson) (Martinez and Persson, 1998) , according to Gietz and Woods (2002) . Yeast was grown on YNB medium (Difco) supplemented with 2% sucrose (Calbiochem), unless stated otherwise. For acid phosphatase activity, we designed a Pi-deficient medium (SW medium) following the Wicherham formula (Sigma-Aldrich), in which appropriate amounts of KCl were substituted for KH 2 PO 4 , as done by Lau et al. (1998) .
Yeast Acid Phosphatase Activity and Tolerance Experiments
Acid phosphatase activity was assayed in growing yeast cells in liquid YNB medium overnight, which was then diluted to OD 660 ¼ 0.1. Droplets (3 mL) of the diluted culture were spotted onto SW plates with 550 mM KH 2 PO 4 , in which sucrose was replaced by 3% glycerol (Bun-ya et al., 1991) . Acid phosphatase activity was assayed as by Toh-e et al. (1973) . Tolerance to As(V) was assayed in growing yeast cells in liquid YNB medium overnight. Droplets (3 mL) of media diluted to OD 660 ¼ 0.1 were spotted onto YPD media supplemented with 3.5 mM As(V) as described by Bun-ya et al. (1996) .
Yeast Uptake Experiments
Pi uptake experiments were performed as by Daram et al. (1999) using carrier-free H 3 32 PO 4 (ICN). Uptake took 4 minutes at 308C in a 40 mL mix; Pi final concentration was 500 mM, and pH was adjusted to 6.5. Samples were then diluted to 10 mL with chilled water and filtered trough Me25 membranes held by 3-cm polysulphone holders (both from Schleicher and Schuell). Membranes were washed twice with chilled water before being dried on 3M paper and introduced into scintillation vials for counting. As(V) uptake experiments were scaled to a 40-mL uptake mixture in 50-mL screw cap tubes (Falcon), and uptake was stopped by immersing tubes in chilled water, followed quickly by centrifugation. Cells were then washed twice with chilled water, and pellets were dried at 608C for 5 d. Total As was measured through ICP-MS as described above.
Accession Numbers
Arabidopsis Genome Initiative locus identifiers for the genes mentioned in this article are At5g43350 (PHT1;1), At3g52190 (PHF1), At3g09922 (IPS1), At4g33030 (SQD1), At4g13180 (ASI3), and At33540 (ASI4).
